Results og Ginga/ROSAT simultaneous observation of the X-ray burst source 1735-444 
INTRODUCTION
The low-mass X-ray binaries (LMXBs) are generally believed to be weakly magnetized neutron stars accreting material from a late-type companion star by Roche lobe overÑow. LMXBs can be classiÐed into two classes : faint X-ray bursters and bright nonbursting sources, according to their luminosity. The burst sources have persistent X-ray luminosities on the average less than a few tenths of the Eddington limit, while the luminosities of the nonbursting sources are higher than this value.
Another classiÐcation is possible, according to Hasinger & van der Klis in which LMXBs are divided into Z (1989), and atoll sources based on their rapid X-ray variability and spectral properties. Type I X-ray bursts from LMXBs show a great variety in their properties, not only from source to source but also in di †erent bursts seen from an individual source. Global properties of type I bursts are well described qualitatively by the thermonuclear Ñash in the surface layers of accreting neutron stars (see van Paradijs, & Lewin, Taam for a recent review). 1993 The X-ray burst source 1735[444 was the Ðrst burst source to be optically identiÐed et al. its ; optical counterpart is a faint (V \ 17) blue emission-line star, V926 Sco. The source was discovered as a burst source in 1977 by et al. This is also the Ðrst burst . source from which X-ray and optical bursts were observed simultaneously et al.
The Ðrst accurate (Grindlay 1978 Corbet 1989) , their results conÐrmed that the major contribution to the optical (burst and persistent) emission comes from X-ray heating of the accretion disk formed around a neutron star (see Paradijs & McClintock for a general review). van 1995 Possible optical Ñares, which are somewhat reminiscent of the type II bursts seen in the Rapid Burster, have been reported by Steiman-Cameron, & Middleditch Imamura, and et al. (1987) Beskin (1994). The source 1735[444 is one of the brightest persistent X-ray sources among the burst sources, but is relatively faint in comparison with Z sources Paradijs, Penninx, (van & Lewin & van der Klis classiÐed 1988a) . 1735[444 as an atoll source that shows two spectral states characterized by the "" island ÏÏ and "" banana ÏÏ branches in an X-ray color-color diagram. The bursting and persistent X-ray behavior of 1735[444 have been studied extensively with SAS 3 et al. and with EXOSAT (Lewin 1980) (van Paradijs et al. These observations showed that the 1988b). burst intervals are highly irregular, ranging from D30 minutes to more than 50 hr, without an obvious correlation with the persistent X-ray Ñux that fuels the bursts. Penninx et al. investigated the presence of quasi-periodic (1989) oscillation and low-frequency noise (LFN) but found none. An iron line at 6.8 keV with equivalent width D90 eV was detected with EXOSAT et al. but a 90% con-(Smale 1986), Ðdence upper limit of 23 eV was obtained with T enma et al. (Hirano 1987) . Two-component spectral models of various types, usually a blackbody component together with some other component, e.g., a multicolor disk blackbody, thermal brems-strahlung, or a power law with an exponential cuto †, have been suggested as descriptions of the observed spectrum of several bright LMXBs & Swank (Serlemitsos 1980 ; et al. Peacock, & Taylor Many Mitsuda 1984 ; White, 1985) . authors believe these two components are associated with two physical sites of X-ray emission, generally taken to be the neutron star surface and the inner accretion disk or the accretion disk corona et al. Stella, & (Mitsuda 1984 ; White, Parmar Spectral analyses of the persistent emission 1988). of 1735[444 have been performed using a power law with an exponential cuto † or a thermal bremsstrahlung model et al. Paradijs et al. et al. (Smale 1986 ; van 1988b ; Penninx 1989) .
In this paper we report the results of an analysis of simultaneous Ginga and ROSAT observations of 1735[444. During the observations, the persistent X-ray emission was the strongest ever observed, and an unusually bright X-ray burst was detected. The X-ray observations and the light curves are summarized in
The detailed spectral analysis°2. of the persistent emission is presented in the burst is°3 ; discussed in Possible physical interpretations are given°4. in°5. (ROSAT ; Tru mper 1983) between September 27, 9 : 21 UT, and September 28, 8 : 56 UT. The LAC consists of eight identical proportional counters with a total e †ective area of 4000 cm2. It covers an energy range from 1 to 37 keV with 48 channels in the data modes MPC1 and MPC2 and has an energy resolution of 18% at 6 keV. The LAC observation of the source was performed in the telemetry mode MPC2 in the nominal gain mode. The PSPC covers an energy range from 0.1 to 2.4 keV and has an energy resolution of 45% at 0.93 keV.
OBSERVATION AND LIGHT CURVES
The observations were interrupted due to Earth occultations and passage through the South Atlantic Anomaly and other high-energy particle background episodes. The background subtraction for the analysis of the Ginga observations was done using the nearby sky data obtained 2 days after the observation. Background spectra for the ROSAT observations were obtained from nearby skies around the source in the Ðeld of view of the PSPC.
The ROSAT light curve is shown in The total Figure 1a . count rate in the energy band 0.1È2.4 keV varies from D50 to D100 counts s~1. The light curve (1È37 keV) and the spectral hardness ratios of the Ginga observations are plotted in Figures The hard color ratio is calculated 1bÈ1d. as the count rate ratio of the 6.4È19.8 keV band to the 4.7È6.4 keV band, and the soft color ratio as the ratio of the 2.9È4.7 keV band to the 1.7È2.9 keV band. Each point in represents the data averaged over 240 s. We Figure 1 observed one burst at 1991 September 28, 21 : 17 : 15 UT, as indicated by the vertical line in
The total Ginga Figure 1b . count rate varies from D2000 to D3400 counts s~1 except during the burst, when the count rate went up to D8200 counts s~1. The total count rate during the short Ginga observation on September 29 was D2200 counts s~1 (not shown in the Ðgure). During the initial stage the total count rate increased slowly by 50% in D12 hr. Then the count rate remained at this high level except around September 28 at 16 : 30 UT. The luminosities varied between D0.84 and 1.32 ] 1038(d/10 kpc)2 ergs s~1, the highest levels observed so far for this source. From Figures it can be seen 1bÈ1d that the count rate changes are clearly correlated with the variations in the hardness ratios, and that the hard ratio shows larger Ñuctuations than the soft ratio. The color-color diagram shows only one branch in the present observation. During the Ðrst stage of the observation the source occupies the lower part in the color-color and the intensity-color diagrams, and then moves to the upper part. The branch we observed can be identiÐed as the "" banana ÏÏ branch of an atoll source & van der (Hasinger Klis The spectral state of the data on September 29 1989). occupied again the lower parts (marked with open circles in
The state just prior to the burst is marked by a Fig. 2) . triangle. The spectral parameters of the burst itself are outside the range of the soft color, hard color, and Figure 2 ; intensity of the burst are 2.22^0.03, 1.52^0.02, and 5065^49, respectively. Because of the lack of high time resolution, a detailed analysis of power spectra could not be performed. The power spectrum in obtained using the data of the Figure 3a , highest time resolution 0.0625 s at the lower banana state, shows a power-law red noise component with a slope (a) of [1.33^0.20, which can be identiÐed as the very low frequency noise (VLFN), and a Ñat component above D1 Hz & van der Klis The fractional rms varia- . tion integrated over 0.005È1 Hz is 1.91%^0.70%. The strength of the power spectra of the VLFN increases, as the source moves from the lower part of the banana to the upper part
The best-Ðt value of a and the fraction- (Fig. 3b) . al rms variation for the upper part of the banana are [1.31^0.03 and 2.63%^0.16%, respectively. However, we were able to obtain a power spectrum only up to 1 Hz for the upper banana branch because of the lack of high time resolution data. Nevertheless, the present result shows characteristics of the power spectra similar to those of other atoll sources in the banana state.
Spectral Analysis
We have investigated the Ginga spectral data of 1735[444 using simple spectral models. Observations made with Einstein, using higher spectral resolution than that available to us, have shown that in the 1 keV range the X-ray spectrum of this source contains a large number of emission lines et al. This shows that simple (Vrtilek 1991). spectral models, as employed by us, can only be considered as approximations. We analyzed the persistent X-ray spectrum of 1735[444 using the data averaged over the whole observation period including the data set of September 29. As can be seen from no simple single-component Table 1 , models can adequately describe the spectrum. We have also tried several well-known two-component models to Ðt the (White 1986 ). analysis seems to be of the recombination origin.
Recently, and et al. Mitsuda (1992) Yoshida (1993) adopted the reÑection model to explain the broad excess and the absorption feature, which occurs when one tries to Ðt the Ginga data of some LMXBs. The 
although the model is valid for a power-law shape incident photon spectrum and has only three parameters to represent the ionization state of plasma reÑecting the incident photons, i.e., m \ 0.0, 0.02, and 2.0. Among the three ionization parameters, the model with m \ 0.02 gives the best Ðt, with the reduced s2 value D1.0 for 30 dof. However, the best-Ðt parameters are unrealistic. The temperature at the inner disk radius was 3.15 keV, which is too high, while the blackbody temperature 0.12 keV, is too low, as it trans- lates into too large a blackbody radius to be interpreted as emission from the neutron star surface. Since the combination of COMPST and BBODY gave a reasonable Ðt to the Ginga data, we tried to Ðt the ROSAT and Ginga data simultaneously with this model. In the spectral Ðt, we used the same time Ðlters for the data of both satellites, which comprises about 70% of the Ginga data and The inclu- Figure 4 . sion of the lines at low energy might underline the need for careful interpretations of the Ðt parameters that come out of the spectral Ðts made of the rather low resolution data.
We divided the Ginga data into 12 intensity bins to investigate the change of Ðtting parameters according to the intensity level. We used COMPST ] BBODY for the twocomponent model.
shows the observation time and Table 3 the best-Ðt spectral parameters. The blackbody component contributes from 15% to 28% to the total Ñux. Figure 5 shows the best-Ðt parameters plotted against the total Ñux. Both components COMPST and BBODY tend to increase with the total Ñux. The electron temperature does not kT e show a clear correlation with the total Ñux. The scattering depth q and the blackbody temperature show positive kT b correlation with the total Ñux, which reÑects the correlation between the intensity level and the hardness ratios described in°3.1.
The apparent blackbody radius, calculated under the assumption that the observed Ñux during the persistent emission is from a spherically symmetric body, is D4 km. It is interesting to note that 1820[303, which is another lumi-nous X-ray burster, shows also a small blackbody radius in the persistent spectrum et al. ).
BURST
The light curves of the burst are shown in The Figure 6 . observation was performed in the low bit rate MPC2 telemetry mode with a time resolution of 2 s. The energydependent burst proÐle is evident in the spectral bands plotted in the Ðgure, in spite of the limited time resolution. The proÐles are characteristic of radius expansion and subsequent contraction of the photosphere of the neutron star at approximately constant bolometric Eddington luminosity (for a review see et al. Lewin 1993). The time-resolved spectra were obtained in 2 s intervals through the peak of the burst, and in 6 s intervals during the decay stages, A, B, C, D, E, and F, as indicated in Figure 6 . We subtracted the persistent spectrum plus background accumulated over D600 s just prior to the burst and Ðtted the net burst spectra using a conventional blackbody model, as many authors have done previously. However, the uncertainties in the values are very large because of N H the limited statistics in individual bins. A lower column density does improve the Ðt marginally, but it is not well constrained by the data. We therefore adopted a Ðxed value for of 3.5 ] 1021 cm~2, which was derived from the N H spectrum of the persistent emission. The best-Ðt parameters are shown in A simple blackbody model gives a Table 4 . rather poor Ðt for spectra CÈE. The time variation of the bolometric Ñux, the blackbody temperature, and the apparent radius of the emission region, assuming isotropic radiation, are shown in Because of the photospheric Figure 7 . expansion, the blackbody temperature decreases at the peak luminosity while the radius increases. The bolometric peak Ñux is D1.5 ] 10~8 ergs cm~2 s~1, correspond-F max ing to the luminosity ergs s~1, assuming L max^1
.8 ] 1038 a distance of 10 kpc. However, since the peak Ñux was smeared out because of the coarse time resolution, the real peak Ñux may have been larger than this. The color temperature decreases to D1.4 keV in the tail of the burst. The apparent radius in the tail is D5.4 km, which is larger than the value during the persistent emission. The burst Ñuence is ergs cm~2. E b \ 9.6 ] 10~8 In addition to the systematic wavy nature in the residuals, the simple blackbody model yields high-energy excess above D10 keV, especially during the decay of the burst. Such excess has previously been found in burst spectra from 1608 [522 et al. Nakamura (Nakamura 1989 . et al. argued that these high-energy excesses are caused by the inverse Compton scattering of blackbody photons. We therefore tried a Comptonized blackbody model to Ðt the burst spectra during the decay. The Ðt to spectrum C is still not good enough, although the model generally improves the Ðt, as shown in However, 1735[444 had a high Table 5 . luminosity when the present burst with high-energy excess was observed, while the high-energy excess in the 1608[522 spectra might be related to its low luminosity at the time of observation, as suggested by et al. Nakamura (1989) .
More recently, & Done suggested that disk Day (1991) reÑection can furnish the hard photons seen by Nakamura et al.
They argue that a disk-reÑected component is (1989) . best seen just after the burst peak, when the reÑected FIG. 7 .ÈTime variation of the bolometric Ñux, the blackbody temperature, and the apparent blackbody radius. A spherical blackbody radiation is assumed in this calculation. photons, delayed by their passage to the site of reÑection, appear in stronger contrast to the fast-declining primary emission from the cooling neutron star. The burst spectra were therefore Ðtted using a model that combines a blackbody with a lower temperature and a reÑected blackbody component with a higher temperature. The reÑection model based on the work of & White was used. Lightman (1988) The best-Ðt parameters are shown in
The uncer- Table 6 . tainty ranges of the Ðt parameters are too large to determine the parameters accurately. Although disk reÑection can account for the high-energy excess, the wavy nature in the residuals still remains in the present case. Also, the residuals show no evidence of the absorption edge that is expected from the disk reÑection & Done Planck function is Ðtted to the net burst emission, will give rise to systematic errors in the temperature, which a †ects the radius determination when the net burst Ñux is small compared to the persistent blackbody component. They show that near the end of a burst, the Ðtted blackbody temperatures become independent of the net burst Ñux, and the apparent blackbody radius artiÐcially becomes very small. This e †ect was found to be important in a burst observed from the luminous source GX 17 ] 2 e t (Sztajno al. in which the blackbody component contributes 1986), D40% to the persistent emission. Thus, we made a spectral analysis of the combined (burst plus persistent) emission in terms of a two-component spectral model consisting of a variable blackbody BBODY and a Ðxed disk component COMPST, as done by et al. However, this Sztajno (1986) . model could not explain the spectra, i.e., the spectral features in the net burst. The resulting reduced s2 are larger than 2.0 for 32 dof for spectra C and D, and 3.5 for 32 dof for spectrum E.
From an analysis of two bursts from the "" dipping ÏÏ source 1916[053, one of which occurred during a dip, et al. found evidence that the bursts cause an Smale (1992) approximately threefold increase in the emission component from the disk and an almost instantaneous ionization of the absorbing medium along the line of sight. Then, since there is a possibility that the above-mentioned hard excess is due to an increase of the disk component, we let the disk component in the model vary during the burst.
shows the result when the Comptonization model Table 7 COMPST is adopted as the disk component. In some cases, the limited data do not allow us to make accurate determinations of all parameters, and thus we used the Ðxed electron temperature calculated from the persistent kT e , emission data right before the burst. The does not s l 2 improve much, but the scattering depth q and the Ñux of the disk component increase during the burst for this particular model, as can be seen in the table. shows an Figure 8 example of burst spectrum E and the Ðtting result by COMPST ] BBODY. A systematic wavy feature in the residuals seen in which cannot be described in Figure 8 , terms of a spectral hardening alone, does not disappear regardless of the models we tried in the present analysis. It should be noted that Paradijs et al. also found van (1990) Present observation may lead us to the following scenario regarding 1735[444. The blackbody radiation, which is believed to arise from the neutron star surface or the boundary layer between the neutron star surface and the inner accretion disk, may play an important role in the energy spectrum of the atoll sources when the sources are in the banana states. In this state, the luminosity is relatively high and the blackbody radiation may heat the ambient plasma in the disk (corona) enough to maintain its temperature at about a constant level in spite of the Compton cooling. Stronger blackbody radiation produces more ionizations, and, hence, the scattering depth q increases. This may explain the hardness-intensity correlation observed at high intensity. These features are consistent with our Ðtting results shown in On the other hand, when the Figure 5 . accretion rate is low, the blackbody radiation is small and cannot heat the ambient plasma sufficiently, so that the fast cooling of these plasmas yields anticorrelation between the Ñux and the hardness, as discussed by et al. . Bildsten argued that the X-ray bursts and (1993, 1995) VLFN are fed from the same source (i.e., nuclear fuel) and that most fuel is consumed by X-ray bursts at the low accretion rate and by VLFN at the high This suggests that M 0 M 0 . the VLFN is closely related to the blackbody component and supports the idea that the blackbody component contributes signiÐcantly to the spectral formation only in the banana state (i.e., at high M 0 ).
Burst
A strong burst with radius expansion from 1735[444 was reported previously by van Paradijs et al. and (1988a) , et al.
Nevertheless, the burst we observed is Damen (1990) . unusual in that it occurred at a high persistent intensity, 1.1 ] 10~8 ergs cm~2 s~1, which is equivalent to the luminosity 1.3 ] 1038 ergs s~1 at an assumed distance 10 kpc, close to the Eddington luminosity and it still accom-L Edd , panied radius expansion (re). If we adopt a peak Ñux of ergs cm~2 s~1, the ratio c of persistent F re D 1.53 ] 10~8 X-ray Ñux to peak burst Ñux is D0.72, much higher than for a typical type I burst source. The high c-value reÑects the high persistent luminosity. The burst duration q, deÐned as the ratio of the burst Ñuence to the peak burst Ñux is E b F re , less than 6. We cannot estimate the ratio, a, of the average 1981). persistent Ñux to the time-averaged Ñux emitted in bursts because there were many interruptions of a few minutes to about 30 minutes due to Earth occultations and passage through the high particle background, and only one burst was observed. If we assume that no burst occurs during the interruptions of the observation, which might be true since 1735[444 was in a very high luminosity state, the lower limit of a is estimated to be D13,500.
Paradijs et al. pointed out that the highVan (1979) luminosity sources generally do not burst, even though their observational properties are very similar to the X-ray bursters. In addition, there exists observational evidence from several burst sources that the burst activity is associated with the persistent luminosity level et al. (Clark 1977 ; et al. et al. et al. Makishima 1983 ; ; Lewin see et al. for a recent review). In 1987 ;
Lewin 1993 1735[444, the highly irregular burst behavior and a tendency for the bursts to come in clusters may be related to the fact that the persistent luminosity of this source is close to a critical value above which X-ray bursts do not occur, as expected from some thermonuclear Ñash models et (Lewin al. Paradijs et al. et al. 1980 ; van 1988b 
nine burstlike events in EXOSAT data of the Z source Cyg X-2. These observations are very similar to ours in that they observed bursts in a high-luminosity state, i.e., at a high c-value. Thus, in high-luminosity burst sources, small perturbations appear to give rise to irregular burst behavior, which may depend on the thermal history of the neutron star.
et al. and Paradijs et al. argued Lewin (1980 ) van (1988b from the apparent pattern of clustering of the bursts, visible in both the SAS 3 and EXOSAT data, that the bursts themselves create conditions that are unfavorable for the recurrences of further bursts.
Nobili, & Turolla Lapidus, (1994) divide the burst sources into three classes according to the mass accretion rate. They found that in all cases in which there is a high mass accretion rate, the adiabatic cooling time of the envelope, is larger than the interburst time t cool , *t. The source 1735[444 might belong to the group having the highest mass accretion rate, and thus with a cooling time of the envelope larger than the interburst time. The cluster of bursts could increase the temperature sufficiently to lift the degeneracy of the helium layer, giving rise to stable helium burning. The temperature of the helium layer could decrease after some time, and the layer could become sufficiently degenerate again for a cluster of bursts to occur.
The helium burning at high mass accretion rates may occasionally become locally unstable ; this can result in weak X-ray bursts, and only patches on the neutron star may burn (Bildsten In this case, the blackbody 1993 . radius during the bursts would be signiÐcantly smaller than the radius of a neutron star. However, the burst we observed at the high-intensity state accompanies radius expansion, which implies a strong burst consuming most of the accreted fuel and cannot be reconciled with the simple burning-patch model. Such strong bursts might be related to the thermal history of the neutron star from which the combustion speed is determined.
